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Plasma Emission Characteristics From a High Current Hollow Cathode in an
Ion Thruster Discharge Chamber

John E. Foster and Michael J. Patterson
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

The presence of energetic ions produced by a hollow cathodes operating at high emission currents (>5A) has
been documented in the literature. In order to further elucidate these findings, an investigation of a high
current cathode operating in an ion thruster discharge chamber has been undertaken. Using Langmuir
probes, a low energy charged particle analyzer and emission spectroscopy, the behavior of the near-cathode
plasma and the emitted ion energy distribution was characterized. The presence of energetic ions was
confirmed. It was observed that these ions had energies in excess of the discharge voltage and thus cannot be
simply explained by ions falling out of plasma through a potential difference of this order. Additionally,
evidence provided by Langmuir probes suggests the existence of a double layer essentially separating the
hollow cathode plasma column from the main discharge. The radial potential difference associated with this
double layer was measured to be of order the ionization potential.

Nomenclature Introduction
Deep space missions utilizing ion thrusters will

require very long thrusting times. Such long operation
times place demanding requirements on the lifetime of

D, = Electron cross-field diffusion
coefficient

¢ N Elementary charge of an electron thruster components. Components such as the ion
E lon energy optics and the discharge and neutralizer hollow
E, Sheath electric field cathodes are continuously subjected to erosion
J Electron cross-field current processes driven primarily by ion bombardment via
e ) either direct impingement or charge exchange. Hollow
density cathodes are peculiar in that not only are they subjected
n, Electron number density to ion bombardment from the surrounding discharge
U Electron mobility plasma, but also, as evidence sugge':stg, they may
. actually be the source of very energetic ions that can
L Distance between ESA and enhance erosion of itself as well as erosion of upstream
entrance surfaces such as the screen grid. Indeed it was the
n, Electron number density erosion of internal discharge chamber structures such as
R Electrostatic energy analyzer the .cathode bafﬂe that led to the ﬁrst suppositions
mean radius hinting at the existence of a energetic heavy particle
, Radial locati beam emanating from the discharge cathode. Studies
& %a oc? ton led by Manteneiks,’ Rawlin,” and Brophy/Garner® all
h Radius of inner sector of observed severe baffle erosion that was suggestive of
electrostatic energy analyzer energetic ion bombardment. Brophy/Garner’ postulated
, Radius of outer sector of that the ob_served severe'cathode baffle erosion was due
. to energetic heavy particle bombardment, presumably
electrostatic energy analyzer : . .. .
. . energetic xenon ions. Findings from these studies
\Y Plasma potential measured with S . .
P . eventually led to the initiation of studies aimed at
respect to cathode potential L . .
U U level excited stat determining the underlying mechanism for the observed
ppet fevel excite .S ate energy erosion. The bell jar studies of Wilbur* determined that
AE ESA energy resolution there were indeed very energetic ions originating at the
AV Potential difference between ESA discharge hollow cathode. These studies indicated that
spherical sectors the magnitude of the energetic ion component increases
1) Sector angle with increasing discharge current. To date, the
W Entrance aperture diameter production of energetic ions in hollow cathode
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discharges has been documented by a number of
studies.*™®  Theories attempting to describe the
production mechanisms of these ions range from the
existence of a potential  hilL**”  to
magnetohydrodynamic’ effects to hydrodynamic drag
driven primarily by electron-ion collisions.® Presently,
however, there has been no satisfactory complete
explanation offered for the production of the energetic
ions.

The purpose of the study presented here is to add to
the body of knowledge regarding energetic ion
production in high current hollow cathode discharges.
The study presented here is unique in that the ion
energy distribution is measured in a multi-cusp
magnetic environment characteristic of ion thruster
operation. In this respect the findings are likely more
representative of ion thruster operation in regards to
plasma production mechanisms and in particular plasma
containment by the axial magnetic field in the near-
cathode region.’

In addition to the analysis of the ion efflux from the
cathode, the near-cathode plasma was probed with
Langmuir and emission spectroscopy probes to measure
local plasma properties such as density and plasma
potential. Langmuir probe measurements were used to
survey axial and radial plasma potential profiles. The
emission spectroscopy measurements were used to
detect the presence of doubly charged xenon ions.
These data provides additional insight into the possible
physical mechanisms of energetic ion production as
well as useful insight into other possible erosion
phenomena at the cathode.

Experimental set-up

The experiments were conducted in a 91 cm long by
48 cm in diameter cryopumped bell jar shown in
Figure I. The “bell”, which was made of Pyrex®,
allowed for excellent visual inspection of the discharge.
The discharge itself was generated using a 12.7 mm
diameter hollow cathode. The cathode assembly
included a coaxial keeper electrode. This electrode was
not biased during this investigation. The hollow cathode
was installed in a three-magnet ring, 30-cm discharge
chamber of similar geometry to that of the NASA Solar
Electric Propulsion Technology Application Readiness
(NSTAR) thruster. Again, the choice of conducting the
investigation of energetic ion efflux using a hollow
cathode in a ring cusp discharge chamber was made
primarily to determine the nature of the ion efflux in a
thruster-like environment. The magnetic field near the
cathode tip was approximately 90 G. For this study the
hollow cathode was operated grounded.

The energy distribution of the ion flux emanating
from the hollow cathode was characterized using an
electrostatic spherical sector energy analyzer (ESA).
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The ESA was located on axis with the hollow cathode,
separated by approximately 23 cm. A schematic of this
experimental set-up is illustrated in Figure 2. The
analyzer consisted of two spherical sectors (141 degrees
in this case) in which the potential of each relative to
ground was varied. The potentials on these surfaces
determine the energy of which an entering particle must
have in order to pass through from entrance slit to exit
slit. In this respect, the ESA can be operated as an
energy selector. The energy of the particles that can
pass through can be calculated based on the geometry
and potential difference between the spherical surfaces:

E:L (1)
n_n

N

with an energy resolution also determined by geometry
and energy:

E R-(1-cos¢)+L-sing

The ESA was operated in a constant transmission
energy mode. A schematic of the electrical connections
for operation and data acquisition from the ESA is
illustrated in Figure 2b. The transmission energy as
determined by the potential difference between the two
spherical surfaces was set at 10 eV. With this
transmission energy, the energy resolution was
approximately 0.347 e¢V. The input slit varied in
potential so that ions with energies between 0 and
approximately 100 eV could be scanned. This factory
recommended mode of operation is similar to that used
by Kameyama and Wilbur in their investigation of ion
efflux from high current hollow cathodes.® The ESA
was housed in an iron box so as to reduce the effect of
the local magnetic field generated by the thruster
discharge chamber. The magnetic field at the entrance
slit of the ESA was less than 1 G. In order to minimize
the flow of plasma into the device, a cup made of very
fine, electro-etched nickel was placed over the entrance
slit. The mesh make-up was 20 lines per mm with a
0.039 mm spacing between lines. The nickel wire that
made up the mesh was 0.01 mm in diameter. The mesh
and the iron box were fixed at ground potential. The
electrostatic energy analyzer was suspended over the
discharge chamber via a perforated aluminum
termination plate. The plate, which located roughly
8.5cm downstream of the discharge exit plane,
contained 8§-5.5 cm diameter holes and one 8.5 cm in
diameter center hole. This plate was operated at
cathode potential during this investigation. This open
geometry was chosen because of its higher conductivity
of neutrals away from the discharge chamber as



compared to discharge studies with a simulated grid
terminating the exit plane. The open geometry of the
test apparatus allows the discharge pressure to be
maintained at values similar to that of the bell jar.
Because the bell jar pressures are similar to those that
prevail in ion thrusters (~0.013 Pa (~1-107* Torr)), the
discharge characteristics are expected to be similar to
actual ion thruster operation, thereby circumventing
issues associated with gridded discharge studies.'® This
notion is supported by the modest discharge voltages
measured (many of which were similar in magnitude to
NSTAR engine operation (~26 V)).

The near-cathode plasma in the discharge chamber
was characterized using three Langmuir probes located
axially in the near vicinity of the plane that contains the
keeper face (see Figure 2). The near-cathode probes
tips were made from tungsten wire and were 0.38 mm
in diameter and 3 mm long. Two of the probes also
contained optical fibers to record line-integrated
emission in this plane. This was accomplished using
double bore alumina tubing. One bore contained the
Langmuir probe tip while the other contained a
recessed optical fiber. The fibers were recessed
approximately 1 cm upstream of the bore opening to aid
in the collimation of the collected light. The optical
fiber had a core size of 400 micrometers and an
aluminum protective outer sheath. These probes were
positioned at a variety of locations ranging from near
the anode wall to nearly on discharge axis in order to
determine the potential and density distribution in the
plane of the keeper. A fourth probe, 5.5 mm long,
0.38 mm in diameter was used to measure plasma
properties near the entrance slit of the ESA.

The plasma induced emission collected by the
optical fibers was channeled to a 0.25 m spectrometer
fitted with a photo-multiplier tube. The spectrometer
contained a 1200 lines/mm grating blazed at 350 nm.

Experimental Results and Discussion

Ion Energy Distribution Measurements

The ion energy distribution was measured as a
function of discharge current at a fixed flow rate of 4
standard cubic centimeters per minute (SCCM). For all
operating conditions, the bell jar pressure never
exceeded 1.5 x 10 Torr.  The discharge conditions
investigated varied from 10 A to 22 A corresponding to
discharge voltages varying between 26 V and 29 V.
Before plasma measurements were taken, the discharge
was allowed to stabilize at each operating condition. In
all cases, the peak-to-peak oscillations in the discharge
voltage were less than 3 volts.

Figure 3a shows typical variations in voltage as a
function of discharge current. As can be seen here,
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initially the discharge voltage increases linearly with
increasing discharge current up to nearly 16 A, at which
point the discharge voltage appears to saturate.
Figure 3b shows the variations in the ion energy
distribution function at the different discharge currents.
As can be seen here, the collected current at energies
less than 8 eV did not have a strong dependence on
energy. The slowly varying ion current collected in this
range is likely due to low energy charge exchange ions
generated between the nickel mesh and input aperture
of the ESA. Such low energy ions have been observed
in ESA spectra under similar conditions elsewhere.’
The location of the primary peak of the ion current
distribution did not vary appreciably with increasing
discharge current. Its average value was approximately
14 eV. The ions associated with this peak are due to
ions accelerated into the detector due to the potential
difference between the discharge plasma and the
detector. In this case, the data suggests that the fall
voltage between the detector and the plasma (on axis)
was of order 14 V. This value should be representative
of the potential difference between the discharge
plasma and cathode potential surfaces. Interestingly, the
potential difference between the plasma and the
detector was not the discharge voltage. Consistent with
this observation, Langmuir probes located near (~2 cm
off axis) the ESA entrance slit indicated plasma
potentials ~10 V less than the discharge voltage. These
data suggest that the potential difference between the
screen and discharge plasma in an actual ion thruster
may also be less than the discharge voltage. In this case,
ions do not enter screen grid apertures at the discharge
voltage, but instead at a reduced energy.

It is interesting to note that the primary peak of the
ion energy distribution was in all cases Gaussian in
shape. The width of the peak tended to increase with
increasing discharge current, from 14 eV at 10.5 A to
over 21 eV at 18.3 A. Apparently the energy spread
increases with increasing discharge current. Also
according to Figure 3b, as the discharge current
increases, the overall magnitude of the collected ion
current at a given energy increases. Additionally, as
with the increase in width of the primary peak, the
extension of the edge of the distribution into higher
energies increases with increasing discharge current.
This implies that with increasing discharge current, the
population of energetic ions increase. In this respect
the ion current distribution may be characterized best as
a Gaussian with a superthermal tail that increases in
magnitude with increasing discharge current. The
primarily Gaussian nature of the ion current distribution
differs significantly from that observed in similar
hollow cathode studies conducted in the absence of an
jon thruster discharge chamber.*® In those cases, the
distribution consisted of multiple peaks, some of which



were centered at energies well above the discharge
voltage. It is likely that the presence of the magnetic
field in the ion thruster discharge chamber of this
present study, particularly the axial component, plays a
key role in accounting for the differences.

In order to assess the changes in the energetic
component of the ion current distribution, the ratio of
energetic ion current associated with energies 27 eV
and above to the total ion current collected over the
energy range investigated was calculated. The value,
27 eV, was chosen because it represents the lower limit
for threshold sputtering of molybdenum by xenon
jons.”>  Molybdenum is a metal typically used in the
construction of the cathode keeper and screen and
accelerator grid electrodes. Because the low energy,
charge exchange ion (see Figure 3b) flux incident upon
the ESA slit are an artifact of the experimental set-up
and are therefore not representative of actual ion flux
emanating from outside the protective mesh, their
contribution to the total ion current collected over the
energy range investigated is neglected. The energy
range containing the low energy ions was determined
by taking the derivative of the distribution function to
locate the region of the curve where the low energy ions
contribution ended. It was assumed that the relevant ion
distribution began at the knee of the derivative as
illustrated in Figure 4a. Figure 4b shows the variations
of ion current distribution function at energies just
beyond the knee.

Figure 5 illustrates the behavior of the energetic ion
current fraction (E>27¢V) as a function of discharge
current. As can be seen here the fraction of energetic
ions on axis with energies capable of eroding cathode
potential surfaces such as the screen grid tends to
increase monotonically with discharge current.  This
finding is also similar to that observed by Kameyama
and Wilbur.® Also shown on the plot is a trendline
which indicates a nearly quadratic increase in the
energetic ion fraction with increasing discharge current.
As can be seen in the plot, at discharge currents over 18
A, nearly 15% of the ion current on axis have energies
capable of eroding discharge chamber surfaces such as
the screen grid. It should be pointed out that the ESA
does not distinguish between different ion charge states.
The energetic ion current detected is likely comprised
of some fraction of doubly charged ions. This is to be
expected because the discharge voltage under the
operating conditions investigated was sufficiently high
to generate doubly charged xenon. With this in mind,
the energetic ion current fraction as determined here
could be used to determine an upper bound on the axial
energetic ion particle flux used in simple erosion
calculations.
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Near-Cathode Plasma Properties

Discharge plasma conditions were documented in
the near-cathode region using Langmuir probes and
emission spectroscopy. The Langmuir probes were
used to measure the plasma density and potential
distribution radially in the plane of the keeper and
axially just downstream of the keeper. The emission
spectroscopy was used primarily for the detection of the
various xenon charge states in the discharge.

B-field effects

The axial magnetic field profile associated with the
ring cusp magnetic circuit influences the nature and
coupling of the hollow cathode discharge to the main
discharge plasma. It is expected that the magnetic
environment should significantly influence discharge
plasma properties particularly in the near-cathode
region. The axial field near the cathode tends to
confine the hollow cathode external positive column.
This field can significantly reduce radial electron
diffusion and therefore plays a role in determining
discharge impedance and stability. Axial plasma
electrical conductivity is enhanced by the presence of
the axial magnetic field. Electrons resulting from
ionization along the axis cannot readily diffuse radially
because of the constraining effects of the magnetic
field. This effect coupled with the enhanced axial
electrical conductivity would tend to smooth out
potential structures on axis particularly in the region
close to the cathode where the axial field is large (~90
G). This reasoning is supported by Langmuir probe
measurements made near the axis at 3 mm and 9 mm
downstream of the keeper. It was found that the plasma
potential at these probes probes was within
experimental error virtually the same. In this regard,
potential hill phenomena may not be as important in the
production of energetic ions in actual ion thrusters due
to the smoothing effects of the axial magnetic field.

Finally, as mentioned earlier, electron “friction” was
described as a possible mechanism for the formation of
energetic ions. This theory postulates that energetic
ions are formed due to a high rate of electron-ion
collisions.® According to the theory, if the electron-ion
collision frequency is sufficiently high, then ions can
absorb significant amounts of energy, well in excess of
the discharge voltage. This effect should depend on
axial magnetic field particularly in the near cathode
region. The containment of the hollow cathode plasma
by the axial magnetic field would tend to increase the
electron-ion collision frequency.



Potential distributions

Qualitatively, visual observation of the discharge
chamber operating suggests that the discharge plasma
actually consists of two components: a hollow cathode
plasma contained primarily by the axial magnetic field
and a main discharge. Figure 6 qualitatively illustrates
this notion. The hollow cathode external positive
column appears as a conical plume fanning out from the
orifice of the discharge cathode. The discharge glow is
brightest here. Again, this conically shaped discharge
emanating from the hollow cathode is a consequence of
the axial magnetic field confining the external positive
column of the hollow cathode. With increasing axial
distance the axial magnetic field decreases and
therefore the fanning effect (weaker containment) is
observed.

As mentioned earlier, local to the near-cathode
region, no appreciable axial potential gradient was
detected. Interestingly, however, it was found that a
significant radial potential gradient existed in the plane
of the keeper. This potential gradient (and associated

electric field, E,) is apparently associated with the

transition from the hollow cathode positive column to
the main discharge plasma and is required to aid the
diffusion of electrons across the axial magnetic field to
the anode:

dn,

J,=—e-u-n,-E.—e-D -
dr

€)

It is also interesting to note that this potential gradient
was of order the ionization potential of xenon. In this
regard, the gradient imparts radial energies to electrons
formed in the hollow cathode external positive column
so that ionization can take place as the electrons move
radially toward the anode. This free-standing gradient
structure indicates the presence of a double layer."
Double layers are free-standing potential structures that
form the transition between two plasmas (in this case
the cathode and the bulk discharge) that are at two
different potentials. In this case the cathode column is
at a lower potential than the main discharge. Figure 7a
illustrates the variations in the plasma potential at
various radial positions in the plane of the cathode
keeper. As can be seen in the figure, there is a voltage
rise of order the ionization potential of Xenon between
points near the cathode centerline and the region of
plasma just off axis (~1 cm). Beyond this rise, the
plasma potential off axis, however, does not vary
appreciably with increasing radial distance.  As
illustrated in Figure 7b, the plasma density profile also
follows the trends similar to the potential. Plasmas
density drops very sharply across the presumed double
layer. In this respect, the hollow cathode plasma
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represents the
discharge.

The voltage gradients are expected to be highest at
the cathode orifice because the axial magnetic field
(radial impedance) is strongest there. The effect of the
double layer potential structure would be to accelerate
ions that happen to enter this region toward keeper and
cathode structures, possibly giving rise to a radially
directed erosion component. It is possible that the
double layer structure may have played a role in the
anomalous keeper erosion recorded during the NSTAR
ion thruster long duration life test conducted at the
NASA Jet Propulsion Laboratory.'* If the cathode was
operating in a starved condition, then it can be expected
that the double layer voltage drop would be quite large,
perhaps of order the discharge voltage. A double layer
potential difference of this magnitude would accelerate
electrons to energies necessary to create singly and
doubly charged ions directly. The double layer
potential difference would accelerate these ions into the
cathode and keeper electrodes.

high-density core of a composite

Emission Spectroscopy

Emission spectra were obtained from fibers that
collected collimated light along the radius of the
discharge chamber in the plane of the cathode keeper.
In all cases the most intense lines were the Xe II
transitions. Figure 9 illustrates the behavior of the
484 nm Xe II line and the 467 Xe I line as a function of
discharge current. In general, all emission lines tended
to increase in intensity with increasing discharge
current. This behavior is likely associated with the
corresponding increase in plasma density and thus
associated excitation rates. One primary function of the
emission spectroscopy diagnostic was to investigate the
presence of doubly charged ions. At all discharge
currents investigated, no Xe III lines were found in the
spectra. This finding suggests that the absence in signal
associated with these lines may be due to the absence of
electrons with the energy necessary to excite them. It
should be pointed out that Xe III lines with low
excitation energies (~12 eV) can be found in the
vacuum ultraviolet. These lines should be present. Such
measurements, however, were beyond to capability of
the spectroscopy system used in this investigation and
therefore were not made. Instead, the spectra was
analyzed for the presence of xenon singly charged lines
with comparable excitation energies as Xe III ions in
the visible range. In the visible, the excitation energy
for the Xe III 472.3 nm line is 18.2 eV. The Xe II 431
(U=18.14 eV) and Xe II (U=17.9 eV) have comparable
excitation energies as the Xe III 472.3 nm line."
These singly charged ion lines were observed in the
spectra, suggesting that electrons with energy



comparable to that required to excite the Xe III lines in
the visible were indeed present. The spectra of these

energetic lines are illustrated in Figure 10. It was
observed that these lines increased in intensity
monotonically with increasing discharge current

suggesting that the energetic electron population also
grew with increasing discharge current. These findings
suggest that the doubly charged xenon population is
likely present, but their emission is below the
sensitivity of the spectrometer system used.

Conclusion

The energy distribution of ions flowing axially
downstream from a hollow cathode was investigated
using a NSTAR-type ring cusp discharge chamber. It
was found that the energy distribution extended to
higher energies as the discharge current increased. At
the higher discharge currents, the fraction of ions on
axis with energies above the sputtering threshold for
molybdenum, a typical ion optics material, was nearly
15% at the higher discharge currents investigated.
Near-cathode plasma potential measurements revealed
the presence of a double layer separating the hollow
cathode plasma from the main discharge plasma. This
potential difference contributes to electron diffusion
across field lines to the anode. This same potential
difference, however, could drive ion bombardment
erosion of cathode and keeper surfaces. Doubly
charged xenon ion lines were not observed in the
spectra. The absence of such emission lines in the
measured spectra may be due to insufficient optical
sensitivity.
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Figure 3a. Discharge characteristics of NSTAR discharge chamber at fixed flow rate.
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Figure 3b. Variations in the ion energy distribution with increasing discharge current.
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Figure 4a. Derivative of the ion current signal as a function of ion energy. The slowly varying region at low
energies is due to background charge-exchange ions. Discharge current=10.5 A.
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discharge plasma, which appears more diffuse and weaker in intensity.
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Figure 8. Variation in ion and neutral emission with increasing discharge current.
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Figure 9. Variations in xenon ion lines requiring energetic electrons (~18 eV) for excitation of transition with
discharge current.
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